A coordinate transformation scheme is proposed to make a sensor acoustically undetectable while allowing it to receive external information. The designed structure only comprises complementary media (CM) whose acoustic parameters are single-negative rather than double-negative, and are totally independent of those of the sensor and the background medium. The numerical results show that the incident wave can pass across the CM changelessly, and it is therefore reasonable to identify such a structure as an acoustic cloak which enables one to "hear without being heard". Further, a nonlinear transformation scheme is developed, in an attempt to simplify the practical realization to the fullest extent. The designed multi-layered structure is formed by alternately arranging one single pair of CM with homogeneous isotropic single-negative parameters which are also totally independent of the sensor and background medium. The numerical results show that acoustic scattering from the sensor is suppressed considerably when the number of bilayers is large enough. The feasibility of designing acoustic cloaks by singlenegative media and the flexibility in choosing the acoustical parameters of cloak may significantly facilitate the experimental realization of acoustic cloaks and promise new possibilities in a wide range of acoustics, optics, and engineering applications.
INTRODUCTION
In recent years, there has been growing interest in transformation optics, which is proposed on the basis of the invariance of Maxwell's equations under coordinate transformations as a general technique to design functional optical devices or structures [1] [2] [3] [4] . One of the most famous and intriguing examples of the designed devices is the "invisibility cloak" [5] [6] [7] [8] [9] . Based on the same principle, two-dimensional (2D) transformation acoustics is then proposed for designing the "inaudibility cloak" to manipulate acoustic waves in a similar manner [10] . Two schemes have been developed to yield the cloaking effect based on transformation acoustics (or transformation optics). The first scheme is to put the cloaked object in the "hole" [5- 9, 11] , as shown schematically in Figs. 1(a) and 1(b). Then the incident wave will detour around the "hidden region" without reflection, while a fundamental limitation arises that the cloaked object cannot communication with the outside world. For solving such a difficulty, the second scheme was then presented to realize the "external cloaking", in which the cloaked object is acoustically "canceled out" by its anti-object for the propagating waves and, meanwhile, can share information with the surrounding [12] . To realize the perfect cloaking, however, the anti-object must be made of double-negative materials, which highly depend upon the parameters of the cloaked object. As a matter of fact, compared with materials with single-negative parameters (i.e. negative bulk modulus or negative mass density), the fabrication of double-negative materials necessarily involves much more theoretical and technical difficulty, and the working frequency range is also much narrower [13] . Moreover, the restriction on the choice of parameters of cloak, i.e. the anti-object, dramatically limits the potential applications of the "external cloaking" scheme to diverse practical situations. In this context, it is urgent to figure out an effective way to cloak an acoustic sensor by employing only single-negative materials whose effective acoustic parameters are free from the restriction of the properties of cloaked object.
CLOAKING BY ACOUSTIC "SUPERLENS" WITH SINGLE-NEGATIVE MATERIALS
In the current work, a different cloaking scheme is proposed in an attempt to solve such a difficulty [14] . As illustrated in Fig. 1(d) , an equivalence is established between the cloaked object Ac and a bulk of host media A with similar shape by coordinate transformation, and the "hole" ( ) a r c c around the cloaked object is filled with complementary media of single-negative materials ( ) C D . Here, the circular configuration is employed for simplicity and the transformation is operated in cylindrical coordinate. For a monochromatic acoustic wave with angular frequency Z , the acoustic equation is given in the time harmonic form as follows
where 1 ( ) ȡ x , ( ) ț x , ǿ, and ( ) p x being the inverse mass density tensor, the bulk modulus tensor, the unit tensor, and the acoustic pressure, respectively. According to transformation acoustics, when a space x is mapped into another space c x , the modulus tensor ( , , ) r z 
It is noticed that the bulk modulus and density in domain Ac and D are isotropic under the mapping relationship. And we must stress that there is in fact no restriction on the shape of the cloaked region. When the shape of the cloaked region is not circular, the material parameters of the cloak may be required to be more anisotropic [14] . Particularly, the acoustical parameters of the designed cloak, which is apparently equivalent to an acoustic "superlens", are totally independent of those of the cloaked object. To demonstrate the performance of the designed structure, full-wave simulations are carried out by finite-element-method (FEM). In this letter, the host material ( ) r c c ! is chosen to be water with the bulk modulus and the mass density to be 0 2.19 It is worth pointing out that the cloaked object is treated as a homogeneous "effective" medium whose mass density in fact refers to the effective mass density. Mathematically, the effective mass density 1 U of the cloaked object should equal 0 U exactly for yielding perfect cloaking effect, which can be readily observed from the transformation relations. It should be stressed, however, that the cloaking effect is robust against the variation of the effective material parameters of cloaked object. For realizing the acoustic cloaking, the acoustical parameters of the external and the internal cloaking shells must satisfy particular relationship, but totally independent of the material parameters of host material and cloaked object. As an example, the bulk modulus and mass density of external cloaking shell ( scatterer is shown in Fig. 2(a) . As observed, the plane wave is strongly disturbed by the scatterer, which results in backward reflection and sharp-edged shadow. Figure 2(b) shows the cloaking effect, where the plane wave field is almost undisturbed outside the cloaking shell. It is noteworthy that the plane wave can pass through the cloaking shell without changing the shape of wavefront, which makes it capable to receive information from the outside. In other words, the proposed scheme can enable an object to "hear without being heard". In order to verify the cloaking performance to different wavefronts, we further simulate the case of cylindrical wave incidence. In this case, the point source is located at ( 3.5 ,0) m in Cartesian coordinates. Without the cloak, the waves are disturbed and shadow exists as shown in Fig. 2(c) . With the cloak, however, it is seen in Fig. 2(d) N , > 0 U ) as well. Under this situation, the internal shell with negative modulus can be regarded as the "anti-object" of the external shell with negative mass density. 
CLOAKING A SENSOR BY USING A PAIR OF SINGLE-NEGATIVE MATERIALS
With the feasibility of designing an acoustic cloak by single-negative materials instead of double-negative ones and the flexibility in choosing the acoustical parameters of the cloak, this scheme may significantly facilitate the experimental realization of acoustic cloaks. However, such a scheme still requires inhomogeneous anisotropic media. Even in a reducible way, [2,15] the inhomogeneous anisotropic medium must be approximated by large numbers of isotropic media with different parameters. In this context, therefore, it is of practical significance to hide an acoustic sensor by using the fewest different kinds of isotropic medium, and the superlens fabrication process to hide sensors has not yet been fully exploited or maximally simplified. The question of whether an acoustic sensor can be hidden using only a single pair of isotropic media, which should be the lowest number that can form a superlens, remains open.
For the purpose of simplifying the practical realization to the fullest extent, the design of a different type of structure is presented to reduce the scattering generated by an acoustic sensor, on the basis of a nonlinear transformation scheme [16] . A sketch to demonstrate the coaxial space transformation is shown in Figs. 3(a) and 1(b) . The mapping between those two spaces can be written as:
, and z z c , where the unprimed coordinate represents the virtual space and the primed coordinate refers to the physical space. The coaxial transformation relationship ( ) f r would be a piecewise function, with According to transformation acoustics, if we consider that the virtual space is occupied by a homogeneous isotropic medium with bulk modulus 0 N and mass density 0 U , then the corresponding bulk modulus and components of the mass density tensor of the medium in physical space would be Based on effective medium theory [17, 18] 1,2 2,3 1,2 1 2
, an anisotropic medium can be achieved by forming a layered structure which consists of two different isotropic media (D and E ), arranged alternately, when the thickness of each bilayer is much smaller than the wavelength. The effective values of the mass density tensor and the bulk modulus for the layered structure can be expressed as: , which means that the edge of circular area A is equivalent to the inner boundary of C in the virtual space, so the annular area B vanishes, as shown in Fig. 1(c) . In this situation, the bulk modulus and the mass density tensor of circle Ac would be 
The proposed structure can thus be realized by using a single pair of complementary single-negative materials whose parameters are not dependent on those of the background medium C or the medium Ac . It is also interesting to note that if we free ourselves from the restraints of single-negative materials, the proposed structure can be produced using a single double-negative material alone, with medium D being the same as the background medium and medium E being the matrix's complementary medium.
To quantitatively analyze the concealment effects of the proposed structure on an acoustic sensor, we calculated the scattering form factor of the multi-layered device, which is proportional to the amplitude of the scattered wave pressure far away from the sensor, and the results are shown in Fig. 4 .
When the incident wave is a plane wave with unit amplitude, the scattering form factor f T can be defined as: 
